[1] The Ama Drime Massif (ADM) is an elongate north-south trending antiformal feature that extends $70 km north across the crest of the South Tibetan Himalaya and offsets the position of the South Tibetan Detachment system. A detailed U(-Th)-Pb geochronologic study of granulitized mafic eclogites and associated rocks from the footwall of the ADM yields important insights into the middle to late Miocene tectonic evolution of the Himalayan orogen. The mafic igneous precursor to the granulitized eclogites is 986.6 ± 1.8 Ma and was intruded into the paleoproterozoic (1799 ± 9 Ma) Ama Drime orthogneiss, the latter being similar in age to rocks previously assigned to the Lesser Himalayan Series in the Himalayan foreland. The original eclogite-facies mineral assemblage in the mafic rocks has been strongly overprinted by granulite facies metamorphism at 750°C and 0.7-0.8 GPa. In the host Ama Drime orthogneiss, the granulite event is correlated with synkinematic sillimanite-grade metamorphism and muscovite dehydration melting. Monazite and xenotime ages indicate that the granulite metamorphism and associated anatexis occurred at <13.2 ± 1.4 Ma. High-grade metamorphism was followed by postkinematic leucogranite dyke emplacement at 11.6 ± 0.4 Ma. This integrated data set indicates that high-temperature metamorphism, decompression, and exhumation of the ADM postdates mid-Miocene south directed midcrustal extrusion and is kinematically linked to orogen-parallel extension. Citation: Cottle,
Introduction
[2] Crustal rocks metamorphosed at high-pressure (HP) to ultrahigh pressure conditions provide important geodynamic constraints on the tectonic evolution of orogenic systems. Much of what is known about the behavior of continental crust during subduction, metamorphism and subsequent exhumation relies on petrological and geochronological studies of eclogites and granulites.
[3] The Himalayan orogen is considered by many to be the type continent-continent collision zone. It is perhaps surprising then that compared with other orogens such as the Alps and the Urals eclogite-granulites are relatively rare. They are, however, known from at least three localities: two in the northwest Himalaya, (Tso Morari in Ladakh and Kaghan in NW Pakistan) [Spencer et al., 1990; Pognante and Spencer, 1991; Tonarini et al., 1993; de Sigoyer et al., 1997 de Sigoyer et al., , 2000 Mukherjee and Sachan, 2001; O'Brien et al., 2001; Kaneko et al., 2003; Leech et al., 2005; Guillot et al., 2008] and one in the central Himalaya (Ama Drime Massif, Figure 1 ) ].
[4] Both NW Himalayan eclogite localities reside in the Greater Himalayan Series (GHS) immediately to the south of the Indus suture zone [O'Brien et al., 2001] (Figure 1 ) and are inferred to record remnants of Indian plate material subducted beneath Asia immediately following collision. The Kaghan Valley eclogites stabilized coesite, reaching peak metamorphic conditions of 725 ± 25°C and 2.8 -3.0 GPa [O'Brien et al., 2001 , and references therein] at $46 Ma [Parrish et al., 2006, and references therein] . The Tso Morari eclogites attained similar pressure-temperature (P-T) conditions [Mukherjee and Sachan, 2001 , and references therein] at $54 Ma [de Sigoyer et al., 2000; Leech et al., 2005] .
[5] In contrast, the Ama Drime granulitized eclogites, thus far the only eclogite occurrence documented from the central Himalaya, have received relatively little attention. Groppo et al. [2007] recognized four phases of metamorphism: an initial ''M1'' eclogite facies event at >1.5 GPa and >580°C; a peak granulite ''M2'' event, at 0.8 -1.0 GPa and >750°C, a second granulitic ''M3'' assemblage (Pl + Opx coronas around garnet) formed at lower P-T, $0.4 GPa and 750°C; and a final cooling, ''M4,'' stage at $700°C. Lombardo and Rolfo [2000] qualitatively assessed the timing of eclogite metamorphism as Tertiary. Two subsequent attempts to date the Ama Drime eclogites gave widely differing interpretations. Rolfo et al. [2005] obtained three U-Pb zircon age components: 13-14 Ma, 88-110 Ma and $1.8 Ga using the Sensitive High-Resolution Ion Microprobe (SHRIMP) method. They suggested that the 13-14 Ma ages record the end of high-temperature, lowpressure fluid circulation, the Cretaceous ages represent the age of the mafic protolith of the eclogite while the Proterozoic ages were thought to be an inherited component. Groppo et al. [2007] inferred that the 13-14 Ma ages of Rolfo et al. [2005] dated their M3 granulite-facies event, but were unable to provide any direct evidence to support this hypothesis. Liu et al. [2007] dated three ''mafic granulite lenses'' from the Kharta area that they inferred to be ''granulitized eclogites.'' However, the exact location of the samples was unspecified, and from their Figure 2 (cross section) the lenses appear to reside within the GHS. These uncertainties notwithstanding, discordant U-Pb Isotope Dilution Thermal Ionization Mass Spectrometry (ID-TIMS) zircon analyses with apparent 207 Pb/ 235 U ages ranging between $350 Ma and 680 Ma with upper intercept ages from 971 ± 8 Ma to 1122 ± 100 Ma, were interpreted by Liu et al. [2007] to record the protolith age of the mafic eclogites.
[6] In spite of the limited and contradictory data available, the Ama Drime granulitized eclogites are crucial for reconstructing the tectonic history of the central Himalayan orogen. Not only do they potentially record early subduction of the Indian plate beneath Asia, but they also yield important information on the nature, timing and duration of metamorphism and extrusion of midcrustal material from beneath the Tibetan plateau. Their protolith and lithotectonic association are equally important, as input into, as well as a means of testing, orogen-scale geodynamic reconstructions.
[7] This study integrates structural observations of deformation (D), quantitative pressure-temperature estimates and U(-Th)-Pb geochronology on a variety of accessory phases (zircon, monazite, xenotime, titanite, rutile, uranothorite and thorium oxide) in an attempt to resolve the current discrepancies in assessments of the protolith age (Proteozoic versus Cretaceous), the overall structural setting, and the timing (t) of subsequent eclogite and granulite metamorphism and its relationship to anatexis, midcrustal flow and exhumation. Our P-T-t-D data set indicates that (1) the protolith to the granulitized mafic eclogites is $987 Ma, while the host orthogneiss is $1800 Ma; and (2) that granulite metamor- phism, melting, and exhumation of the Ama Drime Massif (ADM), occurred <13 Ma, postdating south directed midcrustal flow. These support recent models that proposed exhumation of the ADM is a result of localized orogenparallel (E-W) midcrustal flow accommodated by northsouth striking shear zones [Jessup et al., 2008a] . The data provide a means to reconcile previously disparate observations from the central Himalaya and yield new and important insight into the middle to late Miocene evolution of the orogen.
Regional Geology
[8] To the west and southwest of the ADM, the geology of the Everest region is composed of three roughly parallel lithotectonic units that from structurally lowest to highest these include: the Lesser Himalayan Series (LHS); Greater Himalayan Series (GHS) and the Tibetan sedimentary sequence (TSS). These units are separated by three north dipping fault system; the Main Boundary Thrust (MBT), the Main Central Thrust zone (MCTZ) and the South Tibetan Detachment system (Figure 2 ).
[9] The LHS, delimited at its base by the MBT and at its top by the MCTZ, consists of $20 km structural thickness of metamorphosed Precambrian-Mesozoic clastic sediments, overlain by mylonitic augen gneisses (Lesser Himalayan Crystallines) [Brunel and Kienast, 1986; Schelling, 1992; Brookfield, 1993; Pognante and Benna, 1993] .
[10] The base of the GHS is marked by a $5-km-thick high-strain zone containing a thrust system, the MCTZ Figure 2 . Digital elevation model (using Shuttle Radar Topography Mission (SRTM) 90 data) with geological summary map of the Ama Drime -Mount Everest Region compiled from field observations and those of Burchfiel et al. [1992] as well as interpolation of Enhanced Thematic Mapper 7+ Landsat images (top right corner in Figure 1 ). The white box represents the location of photograph in Figure 3a . The geographic locations of samples referred to in the text are arrowed.
( Figure 1) , and an inverted metamorphic sequence [Hubbard, 1989; Pognante and Benna, 1993] . South of Mount Everest, in the Dudh Kosi drainage, the maximum age for movement along the MCTZ is constrained by 40 Ar/ 39 Ar hornblende and 208 Pb/ 232 Th monazite geochronology and indicates that amphibolite-facies metamorphism of hanging wall rocks occurred at 22 ± 1 Ma [Hubbard and Harrison, 1989] ; and potentially as early as 24 -29 Ma .
[11] The overlying GHS comprises a $40-km-thick section of late Proterozoic to early Cambrian rocks [Parrish and Hodges, 1996] including metapelitic rocks, augen gneiss, calc-silicate and marble that have been metamorphosed to amphibolite-granulite facies during the Tertiary. Miocene age sills and dykes of crustal melt leucogranite intrude the GHS and at high structural levels culminate in large granite sills such as the Makalu and Nuptse granites [Searle et al., 2003; Viskupic et al., 2005; Jessup et al., 2008b] .
[12] The P-T evolution of metamorphism in the GHS of Everest region is relatively well constrained, with an early kyanite-grade event (550 -560°C and 0.8-1.0 GPa) occurring at least as early as 38.9 ± 0.9 Ma (J. M. Cottle et al., Dating the timing and duration of channel flow in the Mount Everest region, submitted to Journal of Geology, 2008) (often referred to as M1) [Pognante and Benna, 1993; Jessup et al., 2008b] being overprinted by a protracted higher-temperature lower-pressure sillimanite-grade (650-750°C and 0.4-0.7 GPa) M2 [Pognante and Benna, 1993] between $28.0 and 22.6 Ma [Simpson et al., 2000; Viskupic et al., 2005; Jessup et al., 2008b; J. M. Cottle et al., submitted manuscript, 2008] . The 40 Ar/ 39 Ar biotite ages from the GHS are consistently older than $14 Ma suggesting that by this time metamorphism had ceased and the entire GHS had cooled through $380°C [Viskupic et al., 2005] .
[13] The upper margin of the GHS in the Everest region is bounded by a low-angle normal fault system, the STDS [Burchfiel et al., 1992; Carosi et al., 1998 Carosi et al., , 1999 Murphy and Harrison, 1999; Searle, 1999; Searle et al., 2003; Law et al., 2004; Jessup et al., 2006; Cottle et al., 2007] (Figures 1 and 2 ). This system comprises two major normal faults, the upper brittle Qomolangma Detachment (QD), which juxtaposes sedimentary rocks of the TSS with upper amphibolite to lower greenschist facies calc-silicate and schist of the Everest Series below, and the lower ductile Lhotse Detachment (LD), which places the Everest Series over upper amphibolite facies sillimanite-cordierite bearing gneisses injected by leucogranite sills and dykes [Searle, 1999; Searle et al., 2003; Jessup et al., 2008b] (Figures 2  and 3 ). To the northeast of Mount Everest, in the Dzakaa Chu section the STDS forms a $1000-m-thick zone of distributed ductile shear [Cottle et al., 2007] (Figure 2 ). Timing constraints on the STDS in the Everest area suggest that the upper brittle strands were active after 16 Ma, while the lower ductile system was active at 18-16 Ma [Hodges et al., 1998; Murphy and Harrison, 1999; Searle et al., 2003] . In the Dzakaa Chu section of the STDS (Figure 2 ), U(-Th)-Pb dating of a leucogranitic dyke that crosscuts the mylonitic fabric within the lower part of the STDS suggests that the majority of high-temperature ductile fabric development in this section of the shear zone occurred !20 Ma [Cottle et al., 2007] .
Geology of the Ama Drime Massif
[14] The Ama Drime Massif (ADM) (Figure 2 ) lies to the northeast of the Mount Everest Massif and forms a prominent $north-south striking elongate region of elevated topography that extends $70 km northward across the crest of the High Himalaya. The ADM lies structurally beneath, and is separated from, the GHS package by two oppositedipping normal-sense shear zones, the Ama Drime detachment (ADD) system on the western limb and the Nyönno Ri detachment (NRD) on the eastern limb (Figure 2 ) [Jessup et al., 2008a] . The structural geometry of the ADM is asymmetric with a moderately dipping western limb (ADD) and a more steeply dipping eastern limb (NRD) (Figure 2 ). The consistency in fabric orientation and shear sense indicators between the high-and low-grade deformation within the ADD and NRD record a progression from ductile to brittle deformation [Jessup et al., 2008a] . The NRD offsets the STDS by $20 km of apparent right-lateral separation ( Figure 1 ) and appears to define the western margin of the Xainza-Dinggyê rift [Burchfiel et al., 1992; Zhang and Lei, 2007] . The fact that these younger features offset the STDS indicates that it is no longer capable of accommodating south directed midcrustal flow in this region [Cottle et al., 2007; Jessup et al., 2008a] .
[15] The core of the ADM is largely composed of migmatitic orthogneiss (the Ama Drime orthogneiss) that contains a prominent foliation dipping west on the western limb, becoming subhorizontal in the core and dipping to the east on the eastern limb, defining an overall elongate asymmetric north-south structural culmination [Jessup et al., 2008a] (Figure 1 ). Mafic granulite lenses are common within the core of the ADM, are generally subparallel to the main tectonic foliation and are commonly boudinaged and rotated (Figure 3 ). On the western limb of the ADM rotation of the mafic granulite lenses is largely a result of brittle faulting ''dominoeing'' of the lenses during top to the west shearing ( Figure 3b ). Mafic layers are also offset by smallscale steeply west dipping normal faults (Figure 3c ). Occasionally the lenses are cored by relatively fresh granulitized eclogites. Migmatitic gneiss that surrounds the mafic lenses records ductile fabric development that accommodated rotation of mafic lenses. Leucogranite dykes and sills, both prekinematic to synkinematic and postkinematic, are common throughout the ADM (Figures 3a and 3b ).
Petrology of Mafic Granulitized Eclogites
[16] In the areas that have been mapped so far, granulitized mafic eclogites are restricted to the footwall of the ADM, with petrographically similar rocks being widely distributed throughout the central region of the massif. The mafic rocks, ubiquitously hosted in felsic orthogneiss (Figures 3 and 4a) , range from tens of centimeters long boudins to elongate blocks several tens of meters in length (Figure 3 ). The granulitized eclogites are dark green, medium to coarse-grained rocks consisting of the mineral assemblage Grt (garnet) + Cpx (clinopyroxene) + Pl (plagioclase) + Hbl (hornblende) + Bt (biotite) + Qtz (quartz) + Opx (Orthopyroxene) + Ilm (ilmenite) (abbreviations after Kretz [1983] ) with accessory phases dominated by apatite with less abundant zircon, titanite, rutile and rare allanite ( Figure 5 ). A representative sample (AD43) consists of three distinct petrographic domains: (1) garnet with an associated Pl + Hbl + Opx ± Bt corona (Figure 5a ), (2) Cpx + Pl symplectites (Figure 5b ), and (3) a coarse Hbl + Bt matrix (Figure 5c ). These domains are interpreted as relicts of eclogite-facies metamorphism that has been overprinted by a higher-temperature granulite event. Lombardo and Rolfo [2000] and Groppo et al. [2007] also give accounts of rocks that are broadly similar to those described here.
Eclogite-Facies Metamorphism
[17] Numerous quartz and rutile inclusions in the cores of garnet and Ca-rich regions ($35% Grossular content) of garnet ( Figure 5d ) are the only record that is interpreted as (Figure 3c ). Localized parasitic folding of mafic layers and foliation in the host orthogneiss west of the main ADM fold axis (Figure 3e ). Note geologists for scale in Figures 3c and 3d , while the mafic lenses in Figure 3e is approximately 40-60 cm thick.
evidence of the early prograde eclogite assemblage. Omphacite is absent from the matrix as well as inclusions in garnet. In the matrix, omphacite has been completely replaced by a fine-grained symplectite that contain intergrowths of Cpx + Pl with minor Opx and Hbl; exsolution-like sodic plagioclase makes up 27 -32 volume % (Figure 5c ). Neither phengite nor its pseudomorphs were observed in any of the rocks examined during this study. Groppo et al. [2007] described the presence of high-Fe biotite and plagioclase symplectites in rocks from a similar location to the ones examined by this investigation and inferred them to be pseudomorphs after phengite (their Figures 3b and 4d) . From the petrographic and textural data, it is inferred that the original eclogite mineral assemblage was dominated by a Ca-rich garnet + omphacite + amphibole. Pseudosection considerations and petrographic observations led Groppo et al. [2007] to infer P-T conditions of $650°C and >1.2 GPa for the eclogite event.
Granulite-Facies Metamorphism
[18] The peak metamorphic T assemblage that overprints the eclogite-facies assemblage includes Grt + Cpx + Opx + Pl + Ilm + Qtz and Pl + Cpx symplectites after omphacite (Figures 5a, 5b , and 5c). In contrast to the mafic rocks, diagnostic granulite-facies assemblages are absent in the felsic host orthogneisses. Thermobarometric estimates for the peak-T granulite event employed the hornblendeplagioclase thermometers of Holland and Blundy [1994] , the Grt-Opx thermometer of Harley [1984] , the Grt-Cpx thermometer of Powell [1985] , the Grt-Pl-Opx-Qtz geobarometer (linearized calibration of Powell and Holland [1988] ), and THERMOCALC (version 3.25; and the thermodynamic data set of Holland and Powell [1998] ). Representative mineral analyses are given in Table 1 .
[19] Because the granulite is silica saturated, both edeniterichterite and edenite-tremolite hornblende-plagioclase thermometers were applied to AD43 and yield temperatures of $753°C and 731°C, respectively, at a nominal pressure of 0.7 GPa. Grt-Cpx and Grt-Opx thermometers give similar temperature estimates of 704°C. Grt-Pl-Opx-Qtz equilibria yield a metamorphic pressure estimate of $0.69 GPa. THERMOCALC run in Average P-T mode and using the same chemical data (Table 1) yielded P-T estimates of 0.79 ± 0.15 GPa and 769°C ± 124°C. In summary, both conventional geothermobarometry and THERMOCALC indicate that the peak-T granulite assemblage formed at 750°C ± 30°C and 0.7 -0.8 GPa. A major component of this study was to combine in situ polished thin section analyses with analyses on crystals separated by standard crushing, heavy liquid, and isodynamic magnetic separation techniques. Separated minerals were handpicked under ethanol, and only the highestquality grains were selected for analysis. Ages were calculated using the U decay constants of Jaffey et al. [1971] , and the Th decay constant of Amelin and Zaitsev [2002] . Pbdat (K. R. Ludwig, unpublished data, 1993) and its Excel based derivative PbMacDat http://www.earth-time.org/ Pb_MacDat_5_1.xls) were used for ID-TIMS raw data reduction and an in-house Excel # spreadsheet for LA-MC-ICPMS data processing. Calculated ages and data plots for both TIMS and LA-MC-ICPMS data were generated using Isoplot (K. R. Ludwig, unpublished data, 2003) . Tables 2, 3 , 4, and 5 contain the full data sets. All uncertainties in Tables 2, 3 , 4, and 5 and concordia plots are quoted at 2s. Uncertainties on LA-MC-ICPMS data were propagated in the manner advocated by Horstwood [2008] and include a contribution from the external reproducibility of a reference material for the 206 Th ratios is 3% (2s) for U-Pb ratios and 4% (2s) for Th-Pb ratios.
U(-Th
[21] For monazite analyses an online common lead correction was performed using the calculated 204 Pb signal and an assumed common Pb ratio (e.g., that taken from Stacey and Kramers [1975] Pb evolution curve at the apparent age of the sample). Pb, a phenomenon commonly observed in young monazite [Schärer, 1984; Parrish, 1990] . Given that the Th-Pb system is unaffected by this disequilibrium, the Isotopic ratios are corrected for common Pb. Common Pb correction based on a single-stage model [Stacey and Kramers, 1975] and the interpreted age of the crystal.
c Rho is the error correlation coefficient calculated following K. R. Ludwig (unpublished data, 1993) . dates are taken as the most reliable estimates of the ages of these monazite grains (unless otherwise stated).
Samples

AD35: Leucogranite Crosscutting Eclogite Body
[23] AD35 is a Qtz + Kfs (potassium feldspar) + Pl + Ms (muscovite) + Bt leucogranite dyke that fills a moderately east dipping normal-sense fault, which crosscuts a mafic eclogite lens and its host gneiss (Figures 2, 3a, and 3b) . Microstructures indicate the dyke preserves its original igneous texture and lacks evidence for dynamic recrystallization. On the basis of these observations the age of this sample is interpreted to provide a minimum time constraint for (1) HP metamorphism in the mafic eclogite, (2) ductile fabric development in the host gneisses, and (3) top-to-the- Pb that is common. Ludwig (unpublished data, 1993) .
west shearing in the western limb (ADD) of the Ama Drime Massif.
[24] Backscattered electron (BSE), U (Figure 6a ), Y and Th mapping of monazite from AD35 defines distinct compositional variations between core and rim in most grains. Where possible, grains with rims larger than the ablation spot size (35 mm diameter) were analyzed. However, because of the large number of grains with rims <20 mm thick this was not always possible.
[25] On a U-Pb concordia diagram ( Figure 7a ) the laser ablation analyses plot along a well-defined two component mixing line with a lower intercept of 11.5 ± 5.2 Ma and an upper intercept of 1804 ± 11 Ma, mean squared weighted deviates (MSWD) [Wendt and Carl, 1991] (Figure 7b ), six of the analyses cluster at the lower intercept of the discordia trajectory, are reversely discordant and lack isotopic evidence of an inherited component. Taking the weighted mean 208 Pb/ 232 Th of these six analyses yields an age of 11.6 ± 0.4 Ma with an MSWD close to unity (1.2). This is interpreted as crystallization age of the leucogranite dyke. The upper intercept age of 1804 ± 11 Ma is inferred to reflect a xenocrystic component and possibly the age of the melt source material. The geologic significance of both age components is discussed below.
AD36: Ama Drime Orthogneiss
[26] Orthogneisses that are petrographically similar to AD36 are widespread throughout the ADM (Figures 3  and 4a ). AD36 is a Kfs + Qtz + Pl + Bt + Sil (sillimanite) augen gneiss with a well-developed gneissic foliation defined by laths of biotite and fibrolite (Figures 3 and 4a) . The gneiss samples lack any textural or mineralogical evidence of the high-pressure metamorphism as is preserved in the mafic boudins. The melanosome portion of the gneiss is composed of Bt + Qtz + Kfs + Sil + Pl, while the millimeter-to centimeter-thick, leucogranitic leucosomes make up $40% of the rock and are composed of Kfs + Qtz + Sil ± Bt aggregates. Conjugate sets of melt-filled extensional (top-to-the-east and top-to-the-west) shear bands that are common in the gneiss (Figure 4a ) suggest that melting occurred synkinematically with respect to topto-the-west shearing. Accessory phases are dominated by monazite, zircon, apatite, and xenotime (Figures 6b, 6c, 6d , 6e, 6f, 6g, and 6h).
[27] Sillimanite-bearing leucosomes (Figure 4a ) are interpreted to have formed as a result of in situ partial melting of the host metagranitoid via a reaction such as:
[28] To fully characterize the protolith as well as the metamorphic and magmatic history of this gneiss, accessory phases were analyzed by two complementary methods (ID-TIMS and LA-MC-ICPMS). Zircons were extracted from a large ($5 kg) sample using the techniques outlined above (section 5.1). In addition, monazite and xenotime were analyzed directly in a standard polished section, allowing the age of the crystal to be related to a textural setting (leucosome versus melanosome) (Figures 6g and 6h) . [29] In this sample, zircon can be grouped into two distinct morphological populations: (1) large oscillatoryzoned euhedral crystals that occasionally contain thin rims (<5 mm thick) that poikiloblastically enclose Qtz, Kfs, U-Th silicate, and oxide as well as apatite ( Figure 6c) ; and (2) cloudy squat prisms with aspect ratios close to one (Figures 6e and 6f) . Zircon grains commonly contain cavities (Figure 6e ) as well as abundant inclusions of Qtz, Kfs and U-Th silicate and oxide (Figure 6f) . In sample AD36, the latter type of zircon is concentrated in the leucosomes, suggesting some petrogenetic link to melt formation processes, while the euhedral crystals are more evenly distributed throughout the rock. Th age plus or minus error (2s absolute) is given for the analysis. Refer to Table 2 for the full analytical data set. (c, d, e, f, g, h, i, j, k, l) BSE scanning electron microscope images of selected zircon (Figures 6c, 6d , 6e, 6f, 6i, 6j, 6k, and 6l), monazite (Figures 6g and 6h) , and uranothorite (Figures 6k and 6l ) analyzed in this study. The lightercolored areas are enriched in Th and U relative to the darker areas, although note that because of manipulation, grayscale intensities are not necessarily directly comparable between images. Zircons from sample AD36, Ama Drime orthogneiss (Figures 6c, 6d , 6e, and 6f). Figures 6c and 6d show oscillatory-zoned euhedral crystals with the former containing a well-developed rim that poikiloblastically encloses quartz, feldspar, U-Th silicates, and oxides and apatite. Figures 6e and 6f show squat zircon prisms. Figure 6e contains two large cavities (the largest black regions in the center of the crystal) as well as abundant inclusions of quartz, feldspar, U-Th silicate, and oxide (e.g., bright inclusions shown in the center of Figure 6f ) and apatite. Figure 6g shows textural setting, and Figure 6h shows a detailed view of monazite 009 from the Ama Drime orthogneiss (AD36). The monazite is enclosed within the foliation-forming (S a ) sillimanite (Sil), and its age therefore constrains the maximum timing of high-temperature in situ melting to 13.2 ± 1.4 Ma (see text for further details). The dashed circle is the location of a 35 mm diameter LA-MC-ICPMS spot analysis. The 208 Pb/ 232 Th age plus or minus error (2s absolute) is given for the analysis. Refer to Table 2 for the full analytical data set. All scale bars are 50 mm. Figures 6i and 6j show typical oscillatory-zoned zircon crystals analyzed from AD41, a migmatitic orthogneiss from the hanging wall of the ADD. Figures 6k and 6l show uranothorites, also from AD41; darker regions represent metamict areas that are associated with radiogenic lead loss. The dashed boxes in Figures 6d, 6i , and 6j are the locations of 35 mm square LA-MC-ICPMS area rasters, while the dashed circles in Figures 6f, 6h , and 6k show 20 mm diameter spot analyses. In Figures 6d, 6f, 6i , 6j, and 6k, the 206 Pb/ 238 U age plus or minus error (2s absolute) for each analysis is quoted. Refer to Tables 3 and 4 for the full analytical data set. Figure 7e indicates area covered in Figure 7f. Figures 7a, 7b, 7c , and 7f are common lead corrected.
[30] As with the leucogranite AD35, zircon, monazite and xenotime U(-Th)-Pb isotope data from AD36 define a well-defined two component mixing line with a lower intercept of 11.0 ± 3.3 Ma and an upper intercept of 1799 ± 12 Ma MSWD = 1.9 (Figure 7c ). Only one of the monazite analyses shows any inheritance with the other four clustering on, to slightly above, concordia (Figures 7c and 7d) . Table 3 ) and suggest that these grains, and hence the texture within which they are included, formed during in situ melting of the gneiss.
Monazite-Xenotime Thermochronometry of AD36
[31] The presence of coeval monazite and xenotime (see above) allows application of the monazite-xenotime geothermometer of Gratz and Heinrich [1997] . This thermometer relies on the equilibrium partitioning of Y between monazite and xenotime. In order to ensure the accuracy of this calibration, the analyzed monazite and xenotime must be in chemical equilibrium during crystallization. Quantitative scanning electron microscope equipped with an energy dispersive system analyses were confined to the young ($12 Ma) domains within dated monazite (Table 6 and Figure 6b ), because they are the best candidates for fulfilling the equilibrium criteria. The thermometer also requires an independent pressure estimate, which unfortunately is not directly available for this rock. Instead, the textural and geochronlogical evidence (see above) and the growth of monazite rims during in situ partial melting within the stability field of sillimanite are used. Available petrological data from the Himalaya suggest that this reaction occurs in the P-T range 0.8-1.0 GPa and $750°C [e.g., Inger and Harris, 1992; Harris and Massey, 1994; Vannay and Hodges, 1996; Harris et al., 2004] . Assuming that melting in AD36 occurred under similar pressure conditions, predicted Y Xmnz temperatures for monazite rims range from 744 -797°C at 0.8 GPa to 710 -763°C at 1.0 GPa. If the assumed pressure conditions of monazite rim growth are reduced to 0.6 GPa, the resulting Y Xmnz temperatures are >800°C which would require an unreasonably high geotherm. The $750°C temperature obtained by this method is consistent with those obtained by conventional thermobarometry from the mafic granulitized eclogite (see above) and suggests that the best P-T estimate for the Ama Drime Orthogneiss at $12.7 Ma is $750°C ± 30°C and 0.7-0.8 GPa.
AD41 Migmatitic Orthogneiss From Hanging Wall of Ama Drime Detachment
[32] Sample AD41 is from a $1-km-thick package of orthogneiss lying in the immediate hanging wall of the ADD in the main Kharta valley on the western side of the ADM (Figures 2 and 4b) . It lies structurally within the Greater Himalayan Series (GHS), being overlain by Grt + Bt + Pl + Kfs + Qtz + Sil ± Crd ± Ky ± Rt metapelitic gneisses [Borghi et al., 2003; J. M. Cottle et al., submitted manuscript, 2008] . The sample is a banded migmatitic augen gneiss with a well-developed mylonitic S-C (S-foliation, C-cisaillement) foliation defined by laths of biotite and fibrolite (Figure 4b ). The melanosome portion of the rock is composed of Bt + Sil + Qtz + Pl + Kfs while the centimeter-thick, synkinematic leucogranitic leucosomes comprise aggregates of Kfs + Qtz and rare biotite. Accessory phases are dominated by zircon, apatite and uranothorite, with the latter entirely restricted to the leucosomes. The leucosomes are inferred to have formed as a result of in situ partial melting of the host metagranitoid. This sample was selected for analyses to constrain whether variability exists in the protolith age of gneisses across the ADD as well as to link these ages to a previous geochronological investigation that constrained the timing of melt generation and metamorphism in the hanging wall rocks (GHS) (J. M. Cottle et al., submitted manuscript, 2008) .
Zircon
[33] Zircons from AD41 are generally large doubly terminated euhedral prisms with well-developed oscillatory growth zoning (Figures 6i and 6j) , occasionally preserving thin (1-3 mm thick) rims with elevated U + Th content. 13 LA-MC-ICPMS U-Pb analyses were obtained from the oscillatory-zoned regions of the zircons (Figure 7e ). Several analyses show evidence of lead loss, with some additional analyses having a significant component of common lead. A discordia trajectory constructed through the zircon and uranothorite data (see below) ( Figure 7e ) yield intercepts at 16 ± 20 Ma and 473 ± 16 Ma. The upper intercept age of 473 ± 16 Ma, MSWD 9.7 is interpreted as the crystallization age of the granitoid protolith (AD41).
Uranothorite
[34] Doubly terminated, euhedral to subhedral green translucent crystals that range from squat (2:1, length:width aspect ratio) to elongate (5:1) are common in the leucosomes of AD41 (Figures 6k and 6l) . The high concentration of uranium (18.5 -26.2 wt % UO 2 ) in addition to thorium (52.1-57.8 wt% ThO 2 ) indicates that they are uranothorite as opposed to thorite sensu stricto. The vast majority of grains examined contain inclusions of zircon, intergrowths of these two minerals were not observed and the uranothorite appears to have nucleated around zircon. Less common inclusions of quartz, K-feldspar, allanite and xenotime were also observed. Alteration is ubiquitous (e.g., Figure 6l) ; however, because of their high actinide concentration, a small analytical spot size (20 mm diameter Â 7 mm deep) could be used to target pristine regions in the crystals.
[35] Nine analyses were acquired from three crystals (Figure 7f ). One analysis (003-2) is significantly younger. On inspection after ablation the pit appears to have been partly located over a crack, suggesting that it may have been subjected to diffusive lead-loss (dashed ellipse on Figure 7f ). Rejecting this one analysis, the eight remaining analyses yield a mean 206 Pb/ 238 U age of 15.8 ± 0.2 Ma with an MSWD = 0.9 (Figure 7f ). The fact that the uranothorites are restricted to leucosomes, along with their euhedral morphology, suggests they formed during in situ partial melting. The 15.8 ± 0.2 Ma age is therefore inferred to record the timing of melt generation in AD41.
AD43: Mafic Granulitized Eclogite
[36] Zircon, titanite and rutile ( Figure 8 ) were extracted from a large ($10 kg) sample of granulitized eclogite (AD43) adjacent to the large mafic body in Figure 3a . Rutile, titanite and zircon from AD43 were dated with the intention of deciphering the protolith age as well as the timing of subsequent metamorphic events. Rutile (Figure 8a ) has a range of morphologies from acicular to subrounded crystals. Titanite forms colorless to light yellow subhedral discs 60-80 mm long, occurring both as inclusions in garnet and within the matrix where it appears to have formed at the expense of rutile. Zircon in AD43 forms two distinct subpopulations (Figures 8b, 8c, 8d, and 8e) . The dominant population comprises pink, translucent, doubly terminated euhedral crystals, many with elongate tubular melt inclusions and occasionally displaying oscillatory zoning in CL (Figures 8c and 8e) . The less abundant population of grains are small (<30 mm diameter), colorless, euhedral, squat prisms (Figure 8d ). Although allanite was found in thin section, it was difficult to distinguish from the abundant amphibole and pyroxene in the separate.
[37] Zircon analytical protocol followed a novel approach. First, a selection of high-quality, crack-free, pink-colored grains ( Figure 8b) were handpicked under alcohol using a binocular microscope. Grains were first washed thoroughly in alcohol and high-purity water and then mounted on double-sided sticky tape on the surface of a 1-inch diameter epoxy resin disc. The outer surfaces of the grains were initially rastered using a laser beam with a large spot size (100 mm) at low fluence ($0.5 mJ cm 2 ) to remove any surficial contamination. The grains were then analyzed by laser ablation using dynamic line rasters (Figures 9a and 9b) . The line rasters (X:Y:Z = 100 mm Â 15 mm Â 2 mm) minimized penetration in the Z direction allowing the age of the potential ''rims'' of the zircons highlighted in Cathodoluminescence (Cl) (Figure 8e ) to be determined; a critical step that is impossible when analyzing crystals with thin (<20 mm) rims set in polished grain mounts or by conventional dissolution techniques. A selection of crystals was also dated using static spot analyses that penetrated $25 mm into the grain, providing isotopic information on the core of the grains (Figure 9c) . Finally, selected crystals were removed from the tape, washed again, and analyzed by ID-TIMS following the method outlined above (section 5.1).
LA-MC-ICPMS: Zircon
[38] Dynamic line rasters on the outer surfaces of five grains consistently yield discordant U-Pb data that define a lead-loss array with an upper intercept of 1004 ± 35 Ma, MSWD = 0.9 (Figure 10a ). Fifteen spot analyses also yield discordant data with an upper intercept of 1004 ± 23 Ma, MSWD = 0.6 (Figure 10b ). Both these ages are within error of each other and the ID-TIMS result (see below), and suggest that the cores and rims of the zircons probably record growth during a single thermal event. Alternatively, it is possible that multiple ages are recorded within the zircon that are smaller than the analytical resolution ($3-4% 2s) of the LA-MC-ICPMS technique. This interpretation appears less plausible given the overall consistency of the data set across multiple analytical techniques.
[39] Despite selection of the highest-quality grains, the line raster and spot analyses suffer from significant amounts of lead loss, the magnitude of which appears to be generally greater on the surfaces of the grains than in the interiors. Nevertheless, the external reproducibility of the 207 Pb/ 235 U ratios on individual spot and line analyses is $4% and 6% (2s), respectively, comparable in precision to spot ablations in polished grain mounts. This indicates that the surface ablation method provides both an ideal way to quickly acquire reconnaissance data with minimal preparation and is a useful tool for analyzing thin rims (<10 mm) that are otherwise beyond the spatial resolution of in situ dating methods.
ID-TIMS
Zircon
[40] Six single grain fractions each of the pink elongate and squat crystals were analyzed by ID-TIMS. Of the pink zircon grains, one fraction is subconcordant, with the rest between 1% and 13% normally discordant. All six analyses define a linear lead-loss trajectory with an upper intercept age of 986.6 ± 1.8 Ma and a lower intercept age of 172 ± 38 Ma MSWD 0.1 (Figure 11a ). The six squat crystals are generally more discordant yielding a poorly defined lead loss array with an upper intercept of 970 ± 40 Ma and a lower intercept of 440 ± 180 Ma MSWD 20 (Figure 11a ). The presence of elongate inclusions inferred to be melt ( Figure 9c ) and regular oscillatory zoning (Figure 8c ) both provide evidence for a magmatic origin for the pink zircon grains. Therefore the 986.6 ± 1.8 Ma age is interpreted as the best estimate for the timing of crystallization of the magmatic precursor to the granulitized mafic eclogites.
Titanite
[41] Four titanite fractions containing between 25 and 31 crystals each, representing the variation in population Figure 9 . Secondary electron SEM images of zircons analyzed by LA-MC-ICPMS. Zircon grains were mounted on tape and analyzed using (a, b) line rasters and (c) spots to evaluate the presence of a rim domain(s). Line rasters (arrowed in Figures 9a and 9b) had X:Y:Z dimensions of 100 mm Â 15 mm Â 2 mm, while spots were 20 mm in diameter and $16 mm deep. All scale bars are 50 mm. morphology, were analyzed. The common lead content of the titanite is very high; with the radiogenic lead to common lead ratio (Pb*/Pb c ) consistently around 0.03. The low lead concentration, high common lead content and limited variation in the Pb/Pb and Pb/U ratios (Figures 11b and 11c) combine to make calculating a geologically meaningful age extremely difficult so these data were not pursued further.
Rutile
[42] Eight analyses each containing between 30 and 45 crystals were measured. Rutile crystals are low in both U (3 -12 ppm) and Pb ($0.1 ppm) and have Pb*/Pb c ratios of around 0.1 (Table 5 ). The analyses corrected for spike, blank (the isotopic composition of which is very similar to Stacey-Kramers model Pb at 0 -50 Ma) and mass fractionation only (i.e., not common lead corrected) are plotted on a conventional isochron diagram ( Figure 11b ) and a Tera and Wasserburg [1972] concordia plot (Figure 11c [43] Taking the main array of data (analyses 14, 15, 16, 18, 19 20) and constructing a discordia trajectory anchored using the appropriate feldspar values yields an apparent age of $16 Ma but with an MSWD of )100. The excess scatter indicates that these rutiles are not a cogenetic population.
Isochrons for analyses 17 and 13 have much older implied ages of 185 and 48 Ma, respectively. A minimum calculated age includes analysis 20 tied to the feldspar initial composition, with an age of 14 ± 0.2 Ma. The large spread in calculated ages from $14 Ma to $185 Ma and the lack of coherence implies (1) a complex mixture of rutile formation ages with a potentially variable amount of Pb loss and/or (2) the presence of tiny amounts of older zircon contained within younger or at least reset rutile. Inclusions of zircon were not observed though they cannot be entirely ruled out, but if this is the explanation they must be present in most of the analyses to generate the scatter. Alternatively, if this is not the explanation, then the data imply that rutile consists of variable amounts of an old (>185 Ma) rutile component that was variably reset and/or variably mixed with a younger ($14 Ma or slightly younger) rutile component.
6. Discussion 6.1. Geochronology Data 6.1.1. Ama Drime Orthogneiss and Leucogranite Dyke
[44] Accessory phases in the Ama Drime orthogneiss (AD36) record two events, the $1800 Ma emplacement of the protolith granitoid (defined by zircon, monazite and xenotime) and an in situ partial melting event at $13 Ma (defined by monazite, xenotime and thorium oxide) under P-T conditions of 750°C ± 30°C and 0.7 -0.8 GPa. The similarity between the protolith age of the gneiss and the xenocrystic monazite in the leucogranite (AD35) provide evidence that in situ partial melting of a granitic source can produce leucogranitic melts. Furthermore, these results suggest that Himalayan leucogranites may not be derived solely from Greater Himalayan pelitic protoliths as emphasized by some previous workers [e.g., Harris and Massey, 1994] . [45] The Ama Drime orthogneiss is similar in age to numerous early mid Proterozoic augen gneisses within the GHS and LHS that have been described throughout the Himalayan orogen. In NW India, orthogneisses within the LHS have been dated at between $1840 and 1860 Ma [Miller et al., 2000, and references therein] . In Eastern Bhutan, Daniel et al. [2003] dated a quartzofeldspathic gneiss from the LHS several hundred meters structurally below the MCT. As well as a $20 Ma metamorphic overprint, they obtained ages of 1760 -1840 Ma from zircon and 1760 ± 7 Ma from monazite. Richards et al. [2006] obtained a similar age of 1790 ± 3 Ma for a metarhyolite from the LHS of Bhutan.
[46] In Nepal, the Ulleri augen gneiss has been dated by U-Pb zircon at $1831 Ma [DeCelles et al., 2000] Th ages as old as 1566 ± 49 Ma (1s) from monazite in the Phaplu augen gneiss (LHS), a unit interpreted by these workers to be a structural equivalent of the Ulleri augen gneisses (LHS) outcropping further to the east.
[47] Considerable debate exists regarding the lithotectonic association of a number of orthogneisses in Nepal and, in particular, whether they belong to the LHS [e.g., DeCelles et al., 2000; Robinson et al., 2001; Catlos et al., 2002] or the GHS [e.g., Searle et al., 2003; Goscombe et al., 2006] . The dispute centers on different field-based interpretations of the Phaplu-Ulleri augen gneisses as either outcropping in the footwall of the MCTZ, thus making them part of the LHS [e.g., DeCelles et al., 2000; Robinson et al., 2001; Catlos et al., 2002] or in the hanging wall of the MCTZ, making them part of the GHS [e.g., Searle et al., 2003; Goscombe et al., 2006] .
[48] Accurately assigning the Ama Drime orthogneiss to either the LHS or GHS is important for understanding the kinematic history of the MCTZ. However, this requires (1) constraints on the structural, stratigraphic, and lithological continuity (or lack thereof) between the Ama Drime orthogneiss as exposed on the Ama Drime range in Tibet and gneisses near the MCTZ toward the south exposed in the Arun River gorge in Nepal; and (2) detailed assessment of the relative merits of the conflicting structural interpretations of the Phaplu-Ulleri augen gneisses with respect to the location of the MCTZ.
[49] Regarding (1), the area to the south of the Ama Drime is extremely poorly mapped with virtually no age control available. Furthermore, the little data that are available yield significant differences in the interpretation of the location of the MCTZ and the surrounding rock units [cf. Bordet, 1961; Goscombe et al., 2006] . Regarding (2), although the location and definition of the MCTZ, is a perennial issue in Himalayan tectonics, an assessment of the relative interpretations outlined above is the subject of much debate [e.g., Searle et al., 2002; Kohn et al., 2002] and is beyond the scope of this work.
[50] In light of these two major limiting issues, the Ama Drime orthogneiss is not directly assigned a GHS or LHS affinity. It is simply noted that this 1800 Ma orthogneiss (AD36) is very similar in age to the Proterozoic Ulleri- Figure 11 . (a) U-Pb concordia, (b) common lead, and (c) Tera and Wasserburg [1972] concordia plots for zircon titanite and rutile analyzed by ID-TIMS from sample AD43. Note that for purposes of clarity all uncertainty ellipses are plotted at 3 times their analytical uncertainty.
Phaplu gneisses that outcrop in the Himalayan foreland to the southwest of the ADM.
[51] Sillimanite-grade in situ partial melting of the Ama Drime orthogneiss and fabric development occurred as evidenced by the ( 13.2 ± 1.4 Ma). A crosscutting leucogranite dyke (11.6 ± 0.4 Ma) provides a maximum age for ductile deformation and associated fabric development in the core of the ADM. The consistency in top-to-the-west shear in both high-temperature deformation features (e.g., melt-filled extensional shear bands) and brittle features (e.g., steeply dipping faults) suggests that deformation of these rocks along with those within the western limb occurred during orogen parallel extension. Field and geochronologic evidence suggests that synkinematic melt in the host orthogneiss was mobilized into leucogranite dykes, over a very short time span of around 1 -2 Ma. This implies that that late stage decompression and exhumation of the ADM during orogen-parallel extension occurred extremely rapidly at $13-12 Ma. Combining the high-temperature P-T-t data presented here with low-temperature (U-Th)/He apatite thermochronometry from Jessup et al. [2008a] , it is possible to tentatively estimate a cooling rate of 66 ± 1°C Ma À1 and an exhumation rate of 2.2 ± 0.2 mm a À1 for the period $13 Ma to $2 Ma (time of cooling through $70-90°C from (U-Th)/He apatite data). This is consistent with Jessup et al. [2008a] who proposed that the locus of exhumation migrated into the footwall block between 12 and 13 Ma and that the ADM was exhumed at a minimum rate of $1 mm a À1 between 1.5 and 3 Ma.
AD41 Greater Himalayan Series Gneiss
[52] The 473 ± 16 Ma U-Pb zircon protolith age of AD41 is comparable to other gneisses within the GHS such as the 465 -470 Ma Namche Orthogneiss in the Everest region [Viskupic and Hodges, 2001] , a 484 ± 9 Ma a ''Formation III augen gneiss'' in the Annapurna Region [Godin et al., 2001] , and numerous other Cambro-Ordovician orthogneisses that form part of a discontinuous belt extending 1800 km along strike from west (Zanskar) to east (Bhutan) [Cawood et al., 2007] . This age, along with previous mapping, petrology and geochronology (J. M. Cottle et al., submitted manuscript, 2008) confirms that the immediate hanging wall of the ADD is most likely to be part of the GHS. Additionally, the considerable difference in protolith ages of orthogneisses across the ADD implies that it is a major structure responsible for juxtaposing two distinct lithotectonic units. The early history of ADD, and in particular whether it represents a reactivated early thrust fault, remains unclear, and in our view cannot be substantiated until the area to the south of the ADM has been mapped in detail.
[53] In situ partial melting of AD41 occurred at 15.8 ± 0.2 Ma, predating texturally equivalent melt generation in the footwall gneisses by $2 Ma. This age is also consistent with early melt generation at structurally higher levels within the GHS (J. M. Cottle et al., submitted manuscript, 2008) . 6.1.3. Granulitized Mafic Eclogite: Zircon
[54] The LA-MC-ICPMS and ID-TIMS data presented here indicate that the protolith of the granulitized mafic eclogites in the ADM (AD43) is mid to late Proterozoic (986.6 ± 1.8 Ma), ruling out the possibility that these rocks were part of the Cretaceous Rajmahal Traps [Rolfo et al., 2005] . In addition, this age appears not to correlate with other mafic rocks, either within the Himalayan orogen itself or in the north Indian cratonic basement.
[55] A speculative correlation exists with the Eastern Ghats province in southeast India. In this region, geochronological studies (see Veevers [2007] and references therein for a summary) suggest that granulite facies metamorphism and intrusion of rocks of broadly granitoid composition occurred $980 Ma. This belt has been linked to the Ryder Bay complex in East Antarctica [Fitzsimons, 2000, and references therein], with both forming part of a large-scale Grenville-age tectonic province. However, despite the temporal correlation it remains unclear whether the mafic rocks in the ADM are directly related to felsic intrusive rocks in the Eastern Ghats or whether they represent two disparate events within the large-scale Grenville tectonic system.
[56] Several reports exist of $980 Ma old detrital zircons from the three main lithotectonic zones throughout the Himalayan orogen (LHS, GHS, TSS) [e.g., Parrish and Hodges, 1996; DeCelles et al., 2000; Myrow et al., 2003, and references therein; Martin et al., 2005; Gehrels et al., 2006a Gehrels et al., , 2006b Richards et al., 2006; Cawood et al., 2007] . Although it is tempting to draw correlations between the granulitized eclogites and detrital zircons from the various lithotectonic zones, a genetic link between the two is purely speculative and a robust test of this hypothesis would require significantly more data (e.g., trace element, Hf and/or O isotopic data from zircon). 6.1.4. Granulitized Mafic Eclogite: Rutile
[57] A unique interpretation of the rutile data for AD43 is elusive but it would appear that a younger component of rutile, whether formed at $14 Ma or finally closed to diffusion at about 14 Ma, is present in this sample. This age overlaps with the timing of granulite facies metamorphism (750°C ± 30°C and 0.7-0.8 GPa) in the host Ama Drime orthogneiss constrained to have occurred at 13.2 ± 1.4 Ma.
[58] Traditionally, rutile has been viewed as a mineral with a closure temperature for Pb diffusion of $400-450°C [e.g., Mezger et al., 1989 ] though this can be higher with rapid cooling and/or larger effective diffusion radius [e.g., Cherniak, 2000] . Given the much higher granulite facies temperatures experienced at about this time, even with rapid cooling it is unlikely that much older rutile ages could be preserved without being fully armored by a stable mineral (i.e., garnet). We have inspected the rutiles for zircon inclusions by making a specific highly polished grain mount of internal sections and have failed to observe such inclusions. Therefore, the preservation of older rutile ages, partially reset, requires an explanation.
[59] Another plausible way to explain this rutile data set is for their formation taking place perhaps >900 Ma during a granulite event, followed by a long period of lower temperatures preserving such old ages; this would then be followed by an abrupt heating episode to granulite facies around $13-14 Ma causing significant to near-complete Pb loss and possible formation of new rutile. This option, though controversial, is consistent with the data as presently understood. The implication is that the rocks of the ADM may have not experienced the more protracted and composite metamorphic history of the overlying GHS, and that the ADM may have only been incorporated in the tectonic collage of the GHS at a very late stage. The lack in the ADM of any evidence of early Miocene metamorphism similar to that seen in the GHS is consistent with this interpretation.
Tectonic Implications
[60] From $39 Ma until $16 Ma the tectonic evolution of the core of the Himalayan orogen was dominated by synchronous movement on two north dipping, yet opposite shear sense, fault systems (the MCTZ and STDS). This coeval movement facilitated south directed flow of midcrustal material (the GHS) from beneath the Tibetan plateau southward toward the Indian foreland (see Godin et al. [2006, and references therein] for a summary).
40 Ar/ 39 Ar biotite ages suggest that the GHS, at least in the Everest region, had cooled through $380°C by 14 Ma [Viskupic et al., 2005] implying that orogen-scale coupling of the STDS-MCTZ system and associated ductile flow must have ceased by this time. Clearly then, granulite facies metamorphism and in situ anatexis at <13 Ma, melt mobilization at $11.6 Ma and subsequent exhumation of the ADM must postdate this south directed flow and cannot therefore be genetically linked with it. Instead, we propose an alternative hypothesis, that at $13 Ma a fundamental shift occurred in the dynamics of this part of the Himalayan system; from south directed flow of midcrustal rocks bounded by north dipping faults as recorded by the MCTZ-GHS-STDS system to orogen-parallel crustal-scale E-W extension accommodated by north-south striking fault systems [Jessup et al., 2008a] . Extension in the upper crust was manifested as north-south striking graben and brittle normal faults, while young metamorphic culminations such as the ADM record high-temperature ductile metamorphism, melting and exhumation of the midcrust that was accommodated by largescale north-south striking normal-sense ductile shear zones [Jessup et al., 2008a] . The data presented in this paper provide the first direct timing constraints on the minimum timing of the initiation of orogen-parallel midcrustal flow along the southern margin of the Tibetan Plateau.
[61] As highlighted by Groppo et al. [2007] , the major difference between the NW Himalayan eclogites and those in the ADM lies not in the pressure conditions of peak metamorphism, but in the path followed by the rocks during their subsequent exhumation. In the NW Himalaya, after initial subduction of the leading edge of the Indian plate to depths approaching 80 km, the resulting eclogites were exhumed along a cooling path at close to plate velocity rates . They, therefore, reached relatively shallow midcrustal positions without having undergone a major retrogressive high-temperature metamorphic event. They were thus largely unaffected by later stages of extrusion and exhumation related to south directed midcrustal flow of the GHS. In contrast, after eclogite-facies metamorphism, the ADM granulitized eclogites were thoroughly overprinted by a high T granulite event, presumably as a result of longer residence time in the midcrust, ultimately caused by much slower rates of initial exhumation and a delay in final exhumation until <13 Ma during E-W extension.
Summary
[62] This investigation presents U(-Th)-Pb geochronologic data that constrain the metamorphic and magmatic evolution of the Ama Drime Massif. The ADM is cored by the Ama Drime orthogneiss with a Paleoproterozoic (1799 ± 9 Ma) protolith age, which were intruded by mafic magmas at 986.6 ± 1.8 Ma. This package of rocks was subducted to depths of at least 50 km, stabilizing omphacite in the mafic lithologies. The eclogite-facies assemblage was overprinted by synkinematic granulite-facies metamorphism that approached 750°C ± 30°C and 0.7-0.8 GPa, is associated with in situ anatexis in the host gneiss and rapid exhumation of the ADM. Monazite and xenotime constrain the granulite and anatectic event to have occurred at 13.2 ± 1.4 Ma. Metamorphism was followed by postkinematic leucogranite dyke emplacement at 11.6 ± 0.4 Ma. High-T metamorphism, anatexis and exhumation of the ADM appears to postdate broadly equivalent events in the structurally overlying GHS, suggesting that this region records a fundamental transition from south directed to orogenparallel midcrustal flow and exhumation that was accommodated by north-south striking normal-sense crustal-scale shear zones (ADD and NRD). The ADM provides an important window into midcrustal processes that characterized the middle to late Miocene evolution of the Himalaya.
Appendix A: U(-Th)-Pb Geochronology Analytical Techniques A1. ID-TIMS
[63] Bulk separates of zircon from AD43 were annealed in high-purity quartz crucibles in air at 850°C for 48 h, following the chemical abrasion method of Mattinson [2005] . They were subsequently leached in Teflon 1 capsules for 12 h at 180°C in 29 M HF + trace HNO 3 . Prior to dissolution, selected zircon, titanite and rutile crystals were washed in distilled 2N HNO 3 at $60°C, followed by ultrapure water. Zircon dissolution was performed with 29 M HF and trace 2N HNO 3 for 3 days at 240°C in Parrish-type PFA Teflon microcapsules [Parrish, 1987] , dried down and converted to chloride form with 3.1 M HCl at 140°C for 12 h prior to chemistry. Titanite and rutile were also dissolved in 29 M HF-trace HNO 3 over 5 days at 180°C in modified Krogh type PTFE Teflon capsules [Corfu and Noble, 1992] . Prior to chemistry all fractions were spiked using a mixed 205 Pb-230 Th-233 U-235 U tracer. U and Pb chemical separations for zircon followed [Krogh, 1973] with modifications [Corfu and Noble, 1992] . Titanite and rutile U separation methods are modified from Davis et al. [1997] while and Pb separations followed the method of Corfu and Grunsky [1987] . Data were obtained on a ThermoElectron Triton mass spectrometer fitted with a modified Mascom high-linearity ion-counting secondary electron multiplier (SEM) following the analytical procedures of Noble et al. [2006] . A solution made from the zircon standard 91500 was measured along with several U and Pb blanks which averaged <0.1 pg and <10 pg, respectively. All data were therefore reduced assuming a maximum of 10 pg procedural blank, the remainder being allocated to common Pb intrinsic to the mineral. The common Pb isotope composition was estimated for zircon using the two-stage model of Stacey and Kramers [1975] .
A2. LA-MC-ICPMS
[64] Two laser ablation Multi Collector Inductively Coupled Plasma Mass Spectrometers (LA-MC-ICPMS) (a VG Elemental Axiom and a Nu Instruments Nu Plasma HR) both at the NIGL were used to obtain U(-Th)-Pb ages on monazite and U-Pb ages on zircon, xenotime, uranothorite and thorium oxide. Analytical protocols are modified from Horstwood et al. [2003] by the addition of a Th-Pb acquisition sequence on the Axiom. U-Pb analyses on the Nu Plasma reflect the approach of Horstwood et al. [2003] modified for the collector arrangement of this instrument as detailed by Simonetti et al. [2005] with the addition of a collector to simultaneously monitor Hg to allow an online common Pb correction. Monazite and zircon unknowns were normalized against matrix-matched primary reference materials (the 554 Ma Manangotry monazite [Paquette et al., 1994] and the 1065 Ma 91500 zircon [Wiedenbeck et al., 1995] , respectively). Unfortunately, at the time of analysis well-characterized xenotime and uranothorite standards were not available, therefore xenotime analyses were normalized to Manangotry monazite while uranothorites were normalized to a combination of 91500 zircon (U-Pb) and Manangotry monazite (Th-Pb) to match ablation conditions and Th contents as closely as possible.
[65] In situ analyses were performed on separated grains mounted in 25 mm epoxy resin discs and in polished thin sections (AD36). BSE images were acquired for all crystals using a scanning electron microscope (SEM) (Figure 6 ). Grains that displayed complex BSE patterns were further imaged for Y, Th, U and Ce using an Electron Microprobe (EMP) in order to gain information on the internal compositional zonation and growth history. BSE, Y, Th and U images were also used to select spot locations for analysis such that multiple domains were avoided where possible ( Figure 6 ). Monazite, xenotime and zircon were analyzed using static spots of 35 mm, 50 mm and 25 mm in diameter, respectively.
